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Remarks 

The Amendments 

Claim 1 has been amended to recite that the claimed peptides are derived from P. 
gingivalis and to remove the prevention language. Claims 1 and 1 1 have been amended 
to remove the fragment/active site language. Claims 3, 4, 14, and 15 have been canceled. 
These amendments are made without prejudice to the prosecution of the un-amended 
subject matter in a continuing application. Claims 1 and 1 1 have been amended to 
change the "HagArep" term to "HArepl, HArep2, HArep3, and HArep4." This is not a 
narrowing amendment and is not made in response to a rejection. Rather, the amendment 
clarifies what peptides are being claimed. Support for the amendment appears in the 
specification at page 15, last paragraph. The amendments add no new matter. 
Applicants respectfully request entry of the amendments. 
Rejection of Claims 1-4 and 11-15 Under 35 U.S.C. S112, first paragraph 

Claims 1-4 and 11-15 stand rejected under 35 U.S.C. §112, first paragraph as 
allegedly lacking written description. Claims 3, 4, 14, and 15 have been canceled, the 
rejection is therefore moot as applied to these claims. Applicants respectfully traverse the 
rejection as it applies to claims 1-2 and 11-13. 

The Office Action asserts that the specification lacks written description of 
proteases or peptides derived from organisms other than P. gingivalis. The Office Action 
furthermore asserts that the specification lacks written description for fragments or active 
sites of proteases or peptides. Applicants respectfully disagree with the Office; however, 
in order to expedite prosecution. Applicants have amended the claims to recite that the 
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proteases and peptides are P. gingivalis proteases and peptides. The claims have also 
been amended to delete the fragments and active site language. 

Applicants respectfully request withdrawal of the rejection. 
Rejection of Claims 1-4 and 11-15 Under 35 U.S.C, S112. first paragraph 

Claims 1-4 and 11-15 stand rejected under 35 U.S.C. §112, first paragraph as 
allegedly lacking enablement. Claims 3, 4, 14, and 15 have been canceled, the rejection 
is therefore moot as applied to these claims. Applicants respectfially traverse the rejection 
as it applies to claims 1-2 and 11-13. 

The Office Action asserts that Applicants' in vitro models do not reasonably 
correlate to the treatment or prevention of angioproliferative conditions. Initially, the 
Office Action asserts that the specification does not provide a "VEGF-induced" 
proliferation model. However, VEGF-induced proliferation models of P. gingivalis 
cysteine proteases are described in the attached declaration of Dr. Kozarov. See 
paragraphs 5-7. The VEGF-induced proliferation models demonstrate that P. gingivalis 
cysteine proteases treatment of VEGF-induced human endothelial cells results in 
proliferation inhibition. The models also demonstrate that P, gingivalis cysteine 
proteases not only disrupt the vasculature of the cells, especially the actively growing 
ones, but also trigger the cell death in the liberated cells thus eliminating them altogether. 
See paragraph 7. 

The Applicants' previous response provided evidence that the VEGF-induced 
proliferation model was an art-recognized model for anti-angiogenic compounds. For 
example, the use of in vitro tests such as inhibition of VEGF-induced proliferation of 
endothelial cells assays have been shown to correlate with positive clinical results with, 
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for example, the anti-angioproliferative drug Avastin (also known as bevacizumab, anti- 
VEGF). See Presta et al, J. Cancer Res. 57:4593 (1997) at page 4596, Col 2, second full 
paragraph; ACS News "Drug shows promise against Advanced Colon Cancer" June, 
2003 (copies attached). Additionally, Schlaeppi et al, reported favorable results for anti- 
angiogenic compounds in VEGF-induced proliferation of endothelial cells assays. J 
Cancer Res Clin Oncol. 1999;125(6):336-42 (see page 340, second column, first full 
paragraph) (copy attached). 

The Office Action asserts that evidence of enablement for a particular biological 
molecule known in the art (e.g., Avastin) does not extrapolate or reasonably predict the 
enablement of a completely distinct biological model because it has not been 
demonstrated that the currently claimed molecules have in vivo effects that correlate to 
their in vitro activity. However, Applicants are not presenting evidence of enablement of 
other biological molecules know in the art. Rather, Applicants are presenting evidence 
that the VEGF-induced proliferation inhibition assay is a correlating model for anti- 
angiogenic compounds such as P. gingivalis cysteine proteases. 

Where a particular model is recognized in the art as reasonably correlating to a 
specific condition, it should be accepted as correlating by the Examiner. See MPEP 
§2 164.0 1(c). A rigorous or an invariable exact correlation is not required. See id.; Cross 
V. lizuka, 224 USPQ 739, 747). The art recognizes the VEGF-induced proliferation 
inhibition assay as a correlating model for anti-angiogenic compounds. Since the P, 
gingivalis cysteine proteases cause proliferation inhibition in the VEGF-induced 
proliferation assay, an art recognized model for anti-angiogenic compounds, one of skill 
in the art would be able to practice the invention without undue experimentation. 
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The declaration of Dr. Kozarov also presents data from apoptosis assays done 
with VEGF-induced primary human endothelial cells that were grown in the presence of 
VEGF. The data suggest that in addition to causing cell detachment from the substrate 
and total cell number reduction, P. gingivalis cysteine protease treatment results in a 
several-fold increase in apoptosis in treated primary endothelial cells. See paragraphs 2-4. 

Additionally, the declaration of Dr. Kozarov provides in vivo evidence of the 
enablement of the claimed methods. For example, paragraphs 8-1 1 describe the effect of 
gingivalis cysteine proteases on lung and breast cancer murine animal models. 
Tumors treated with P, gingivalis cysteine proteases have large areas of necrosis 
indicating tumor tissue disintegration and endothelial destruction caused by compromised 
blood supply. See paragraph 10, In contrast, the control untreated tumors showed no 
sign of necrosis. See paragraph 10. Therefore, P. gingivalis cysteine proteases 
demonstrate anti-angioproliferative properties in vivo and in vitro. The recited P. 
gingivalis cysteine proteases have demonstrated in vitro anti-angioproliferative properties 
that correlate to in vivo properties, as described in the specification. One of skill in the 
art would be able to practice the invention, without an undue amount of experimentation. 
Therefore, the claims are enabled. 

Applicants respectfully request withdrawal of the rejection. 
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ABSTRACT 

Vascular cndollielini unnvlh factor (VICGF) is n miijor nudialor of 
•mfiioRcncsis associat«l with tumors «nd other palhoIo;;ical conditions, 
includinj; prolilcrativc diabetic retinopathy and auo-rchilcd macular 
deceneration. The murine anti-human VKC.K monoclonal antibody 
(muMAb VEGF) A.4.6.1 has been shown to potently suppress aoRio- 
ncncsis and Rrowtb in a variety of human tumor cells lines transplanted 
in nude mice and also to inhibit ncovasculari/ation in a primate model 
„f ischemic retinal disease. In this report. «e describe the luimani/.a- 
lion of muMAb W.GV A.4.6.1. bv site-directed mutagenesis of a human 
frtmework Not onlv the residues involved in the six complemcntarity- 
detcrminlnR rcuions but also several rrame^vork residues were changed 
from human to murine. Humani/.ed anli-VIX;!' K(ab) and Ir(;I van- 
•mts bind VEGF with afrmily very similar to that of the oriRmal 
murine antibody. Kurthcrmorc. recombinant humanized MAb VliGF 
inhibits VEGF-induccd proliferation of endothelial cells in vitro and 
tumor urowth in vivo "ith potency and efTicacy very similar to those of 
niuMAb VKGK A.4.6.1. Therefore, recombinant humanized MAb 
VFGF is suitable to test the hypothesis lhat inhibition of VKGF- 
induced anRioRcnesis is a valid siratt-v for the Ireatmcnl of solid 
tumors and other disorders in humans. 

INTRODUCTION 

It is now well established that angiogenesis is implicated in the 
pathogenesis of a variety of disorders. TlKse include solid tumors, 
intraocular neovascular syndromes such as proliferalivc retinopathies 
or AMDr rheumaioid arthritis, and psoriasis (U 2. 3). In the case of 
solid tumors, the neovascularization allows the tumor cells to acquire 
a growth advantage and proliferative autonomy compared to the 
normal cells. Accordingly, a correlation has been observed between 
density of microvesscls in tumor sections and patient survival in 
breast cancer as well as in several other tumors (4-6). 

The search for positive regulators of angiogencsis has yielded 
several candidates, including acidic fibroblast growth factor (FGF), 
bFGF. transforming growth facu)r a, transforming growth factor /3. 
hcpaiocylc erowth factor, tumor necrosis factor-a. angiogciim. mter- 
leukin 8, and others (1.2). However, in spite of extensive research, 
there is still uncertainty as to their role as endogenous mediators of 
annionencsis. The necalivc regulators thus far idcntiUcd include 
thrombospondin (7), the Af, 16,000 NH.-tcrminal fragment of prolac- 
tin (8)! angicstaiin (9), and endosiatin (10). 

Work done over the last several years has established the key role 
of VEGF in the regulation of nomial and abnormal angiogenesis (1 1). 
The findina that Oic loss of even a single VliGF allele results in 
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cmhrN'onic Ictlialiiy points to an irrcplaccahio role played by this 
factoi- in the development and differentiation of the va.scular system 
(11). Also, VBGF has been shown to be a key mediator of neovas- 
cularization associated with tumors and intraocular disorders (II). 
TIk VEGF mRNA is ovcrcx pressed by the majority of human tumors 
examined (12-16). In addition, tlie concentration of VEGF in eye 
nuids is highly correlated to the presence of active proliferation of 
blood vessels in patients with diabetic and other ischemia-related 
retinopathies (17>. Furthermore, recent studies have demonstrated the 
localization of VEGF in choroidal neovascular membranes in patients 

affected by AMD (18). 

The muMAb VBGF A.4.fvl (19) has been u.sed extensively to 
test the hypothesis that VEGF is a mediator of pathological angio- 
nencsis in vivo- this high aflniiiy MAb is able to recognize aii 
VEGF isoforms (19) and has been shown to inhibit potently and 
reproducibly the growth of a variety of human tumor cell lines in 
nude inice (11. 20-23). Moreover, intraocular administration of 
muMAb VEGF A.4.6.1 resulted in virtually complete inhibition of 
iris neovascularization secondarx* to retinal ischemia in a primate 
model (24). 

A major limitation in the use of murine antibodies m human therapy 
is the anti-globulin response (25. 26). Even chimeric molecules, where 
the variable (V) domains of rodent antibodies are fu.sed to human 
con-stant (C) reaions, are still capable of eliciting a significant immune 
response (27). A powerful approach to overcome these limitations in 
the clinical use of monoclonal amibodies is "humanization^ of the 
murine antibody. This approach was pioneered by Jones ct ai (28) 
and Riechman et oL (29), who first transplanted the CDRs of a murine 
antibody into human V domains antibody. 

In the present article, we report on the humanization of muMAh 
VEGF A 4 6 I Our strateay was to transfer the six CDRs, as defmcd 
by Kabai ct aL (30), from muMAb VEGF A.4.6.1 to a consensus 
human framework u.sed in previous humanizaiions (31-33). Seven 
framework residues in the humanized variable heavy (VH) domam 
and one framework residue in the humanized variable light (VL) 
domain were chanaed from human to murine to achieve bmdmg 
equivalent lo muMAb VEGF A.4.6.1. This humanized MAb is suit- 
able for clinical trials to test the hypothesis that inhibition of VEGF 
action is an effective strategy for the ireatmcnl of cancer and other 
disorders in humans. 



MATERIALS AND METHODS 

Cloninfi of Murine Mab A.4.6.1 and Construction of MouscHuman 
Chimeric Fab. Total RNA w:is isolated from hybridonia cells producing 
the anii-VECF MAb A.4.6.1 using RNAsol (Tcl-Tesi) and rcvcrsc-iran- 
.cribcd 10 cDNA using Oligo-dT primer :^nd ihc Superscript II sysicm ( L.f<= 
TcchnoUvies. hic., Gaiihcrsburg. MDl. Degenerate oligonuelcolide primer 
pools based of the NH,-ierminal amino acid sequences of (he light and 
hcavv chains of the antibody, were synthesized and used as forward 
primcr>. Reverse primers were ba.<ed on framework 4 sequences obiamed 
from murine lichi chain subgroup kV and heavy chain subgroup i (30). 
After PCR amplification. DNA fraemcnts were ligated to a TA cloning 
vector Onvitrocen, San Diego. CA). Eight clones each of the light and 
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heavy chains were sequenced. One clone with a consensus sequence for the 
licht chain VL domain and one wiih a consensus sequence for the heavy 
chain VH domain were subcloncd. respectively, into the pEMXi vector 
containing the human CL and CHi domains (31). thus generating a mouse- 
human chimeric Flab). This chimeric F(ab) consisted of the cmire murine 
A 4.6.1 VH doniaii! fu.scd lo a human CUl domain at amino acid ScrHl 13. 
and the entire murine A.4.6.1 VL domain fused lo a human CL domain at 
amino acid Lysl.lO?. Expression and purification of the chimeric F(ab) 
were identical to those of the humanized F(ab)s. The chimeric F(ab) was 
u.scd as the standard in the binding assays; 

Computer Graphics; Models of Murine and Humanized K(ab)s. Sc- 
iHicnccs of the VL and VH domains (Fig. 1 ) were used to construct a computer 
graphics model of ihc murine A.4.6.1 VL-VH domains. This mixiel was used 
to dctcnnine which framework residues .should be incorporated into the hu- 
manized antibody. A model of the humanized F(ab) was also constructed to 
verify correct .selection of murine framework residues. Construction of models 
was performed as dc.'icribed previously (32, 33). 

Construction of Humanized F(ab)s. The plasmid pEMXl u.scd for mu- 
tagenesis and expression of F(ab)s in Excherichio colt has been described 
previously (31). Briclly. the plasmid contains a DNA fragment encoding a 
consensus human k subgroup I light chain (VLkI-CL) and a consensus human 
subgroup III heavy chain (VHIII-CH 1) and an alkaline phosphatase promoter. 
Tlie'^usc of the consensus sequences for VL and VH has been described 
previously (32). 

To construct the first F(ab) variant of humanized A.4.6.1, F(ab)-I, 
silc-dircctcd mutagenesis (34) was performed on a deoxyuridinc-containing 
template of pEMXl. The six CDRs were changed to ihc murine A.4.6.1 
sequence; the residues included in each CDR were from the .sequence-based 
CDR definitions (30). F(ab)-I, therefore, consisted of a complete human 
framework (VL k subgroup I and VH .subgroup lli) with the six complete 
murine CDR sequences. Pla.smids for all other F(ab) variants were con- 
structed from the plasmid template of F(ab)-I. Plasmids were transformed 
into £. coli strain XL-l Blue (Siratagenc. San Diego. CA) for preparation 
of double- and single-stranded DNA. For each variant. DNA coding for 
light and heavy chains was completely sequenced using the dideoxynucle- 
otide method (Scqucnase; U.S. Biochemical Corp., Cleveland, OH). Plas- 
mids were transformed into E. coli strain I6C9. a derivative of MM294, 
plated onto Luria broth plates containing. 50 fxgjml carbenicillin, and a 
single colony selected for protein expression. The single colony was grown 
in 5 ml of Luria broth- 100 /xg/ral carbenicillin for 5-8 h at 37"C, The 5-ml 
culture was added to 500 ml of AP5-50 p-g/ml carbenicillin and allowed to 
grow for 20 h in a 4.1itcr baffled shake flask at 30'C. APS media consists 
of I 5 g of glucose. 1 1 .0 g of Hycase SF, 0.6 g of yeast extract (certified), 
0.19 g of MgSO, (anhydrous). 1.07 g of NH^CI, 3.73 g of KCI. 1.2 g of 
NaCK 120 ml of I M tricthanolaminc. pH 7.4. to I liter of water and then 
sterile filtered through a 0.1 -mm Sealkccn filter. Cells were harvested by 
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centrifugation in a 1 -liter c'^ntri luge bottle at 3000 x ^. and the supernatant 
was removed. After freezing for I h, the pellet was resuspcnded in 25 ml 
of cold 10 mM Tris. 1 mM EDTA. and 20* sucrose, pH 8.0. Two hundred 
fifty ml of 0.1 M bcnzamidine (Sigma Chemical Co.. St. Louis, MO) was 
added to inhibit proteolysis. Afier gentle stirring on ice for 3 h. the sample 
was centrifuged at 40.000 X g for 1 5 min. The supernatant was then applied 
to a protein G-Scpharo.ic CL-4B (Pharmacia Biotech. Inc.. Uppsala, Swc- 
den) column t0.5-ml bed volume) equilibrated with 10 mM Tris-1 mM 
EDTA. pH 7.5. Tlic column was washed with 10 ml nf 10 niM Tris-1 i^m 
EDTA. pH 7.5. and cluied with 3 ml of 0.3 M glycine. pH 3.0. iuio 1.25 ml 
of I M Tris. pH 8.0. The F{ab) was then buffer exchanged into PBS u.sino 
a Centricon-30 (Amicon. Beverly. MA) and concentrated to a final volume 
of 0.5 ml. SDS-PAGE gets of all F(ab)s were run to ascertain purity. :iiu! 
the molecular weight of each variant was verified by elcciro.spray ina.^s 
spectrometry. 

Construction, Expression, and Purification of Chimeric and Human- 
ized IgG Variants. For the generation of human IgGl variants of chimeric 
(chlgGl) and humanized (rhuMAb VEGF) A.4.6.1, the appropriate murine or 
humanized VL and VH (F(ab)-I2: Table 1) domains were subcloned into 
separate, previously described pRK vectors (35). The DNA coding for the 
emire light and the emire heavy chain of each variant was verified Uy 
dideoxynucleoiide sequencing. 

For trartsieni cxpre.ssion of variants, heavy and light chain plasmids were 
cotransfected into human 293 cells (36) using a high efficiency procedure (37). 
Media were changed to scrum free and han-ested daily for up lo 5 days. 
Antibodies were purified from the pooled supcmatants using protein A- 
Scpharo.sc CL-4B (Phannacia).Thc clutcd antibody was buffer exchanged into 
PBS using a Ccnu-icon-30 (Amicon), concentrated to 0.5 ml, sterile filtered 
u.sing a Millcx-GV. (Milliporc, Bedford. MA), and stored at 4'C 

For stable expression of the final humanized IgGl variant (rhuMAb 
VECn, Chinese hamster ovary (CHO) cells were imnsfectcd with diciv 
ironic vectors designed to coexprcss both heavy and light chains (38j. 
Pla.smids were introduced into DP12 cells, a proprietary derivative of the 
CHO-Kl DUX Bl I cell line developed by L.Chasin (Columbia University. 
New York. NY), via lipofeciion and selected for growth in glycine/ 
hypoxanthincAhymidinc (GHT)-frce medium (39). Approximately 20 un- 
amplified clones were randomly chosen and resccded into 96-wclI plates. 
Relative specific productivity of each colony was monitored using an 
ELISA to quantitate the full-length human IgG accumulated in each well 
after 3 days and a fluorescent dye, Calcien AM. as a surrogate marker itl 
viable cell number per well. Based on these data, several unamplificd 
clones were chosen for further amplification in the presence of increasing 
conccmrations of methotrexate. Individual clones sur\'iving at 10. 50, and 
100 nM methotrexate were chosen and transfcaed to 96-well plates for 
productivity screening. One clone, which reproducibly exhibited high spe- 
cific productivity, was expanded in T-fiasks and used to inoculate a spinner 
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Variant 



Template 



Chtincric P<ab) 
Human \H 



l-(ab)-l 

RabH 
!-tab)-5 
FtabJ-5 
F(ab)-5 

F(ab)-8 
r(ab)-8 
Ktab).10 
Ft ah)- in 



EC50 F(ab)-X 



Qiangcs'' 



Purpose 



chim-F(ab) 
F(ab>.| 
F(ab)-2 

F(ab)-3 

r(ab)-4 

F(ab)5 
F(ab)-6 
Rab)-7 
H(ab)-R 

F(ab)-9 
F(ab)-10 
J-(ab)-ll 

Murine rcsiduf- are undcrlincJ: residue numbt-rs aic according lo Kabai ct at. (30). . , - k\ n <u*) o dl' 

■ Mean and SD aa- .be avcrajc of the ratios caknia.cd for each of the independent assays: the EC^, for chnncnc F(ab) uas OXU) _ ().(M . 

4.594 



ArgH7ILcu 
AspH73Asn 
UuL46VaI 
LcuH78Ala 
llcH69Phe 
lleH69'Phe 
UuH78Ab 
GlyH49Ala 
/VsnH76Ser 
LysH75Aia 
ArsH94Lys 



LO 

Straight CDR swap 
Chimera light chain 
P(ab)- 1 heavy chain 
F(ab)- 1 lifibi chain 
Chimera heavy chain 
CDR-H2 confonnaiion 
Framework 
VL-VH interface 
CDR-Hl conformation 
CDR-H2 confomwiion 
CDR-U2 confonnaiion 
CDR-Hl confomiaiion 
CDR-H2 conformation 
Frame wort; 
Framework 

CDR-H3 conformation 



Mean 



EC,o chimeric FHab)'' 
SD 



>1350 
>I45 



>:95 

S0.9 
.^6.4 
45.2 

>150 
6.4 

1.6 



a I 



6..S 
4.2 
2.3 
0.9 



1.2 
0.4 
0.6 



mg/ml (LO nM). 
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iiilturc. Afccr several passages, ihc suspension-adapted cells were used lo 
inoculaie produciion culuircs in GHT-coniaining, senim-frce media sup- 
plcmcnicd with various hurnioncs and protein hydrolysatcs. Harvested cell 
ctiluire lluid coniaiiiini; rhuMAb VEGI- was purified using protein A- 
Scph arose CL-4B. The purity alter this step was -99*^. Subsequent 
purification to honiogcncily was carried out using an ion exchange chrn- 
maiocraphy step. The endotoxin conicnl of the final purified antibody was 
<tl.lO eu/nig. 

F(ab) and IgC Qiiantilalinn. For quamilaliiig F(ab) molecules. [:LISA 
plates were coaled with 2 fig/inl of goal anti-human IgG Fab (Organon 
Teknika, Durham. N'Cl in SO iiiM carbonate buffer, pH 9.6. at 4*C ovcrniglit 
;md blocked with FBS-0.5''>( BSA (blocking buffer) at n>om temperature for 
1 h. Standards |0.78 -5»%ng/ml human F(ah)l were purchased from Clicinicon 
(Tcmcciila. CA). Scn;il dilutions of samples in PBS-0,57f BSA-().().S% poly- 
sorbaic 20 (a.ss:iy buffer) were incubated on the plates for 2 h. Bound F(ab) was 
detected using horseradish peroxidase- labeled goal ami -human IgG F(ab) 
• (Organon Teknika). followed by 3.3'..'i..S'-ietrjmcthylbenzidine (Kirkegaard & 
Perry Uiboratorics. Gaithershurg. MD) as the sub.siraie. Plates went washed 
between steps. Absorbance was read ai 450 nm on a V„^^ plate reader 
(Molecular Devices. Menio Park. CA). The .standard cuittc was fit using a 
four-parameier nonlinear regression cur\'e-riiting program dcvelt)pcd at 
Genenicch. Data points that fell in the range of the slandard curve were used 
for calculating ihc F(ab) concentrations of samples. 

Tlic concentration of full-length antibody was determined using goat anti- 
human IgG Fc (Cappcl. Westchester. PA) for capture and horseradish pcrox- 
idasc-labelcd goat anli-human Fc (Cappcl) for detection. Human IgG I (Chemi- 
con) was used as slandard. 

VECF Bindinf> Assays. For mca.su ring ihc VEGF binding activity of 
F(ab)s, ELISA plates were coated with 2 ^^hn\ rabbit F(ab'), lo human 
IgG Fc (Jackson InimunoRcsearch. West Grove, PA) and blocked with 
blocking buffer (described above). Diluted conditioned medium containing 
?i ng/ml of KDR-IgG (40) in blocking buffer were incubated on the plate for 
1 h. Standards 1 6.9 -440 ng/ml chimeric F(ab)| and 2-fold serial dilutions 
of .samples were incu baled with 2 nM biotinylated VEGF for 1 h in tubes. 
The solutions from ihe tubes were llien transferred lo ihc ELISA plates and 
incubated for I h. After washing, biotinylated VEGF bound to KDR was 
delected using horseradish peroxidase- labeled sire pi avid in (Zymed. South 
San Francisco. CA or Sigma) followed by 3.V.5,5'-tciramethylbenzidinc as 
the substrate. Titration curves were fit with a four-pxirametcr nonlinear 
regression curve-filling program (Kalcida(jraph: Synergy Software, Read- 
ing. PA). Concentrations of F(ab) variants corresponding to the midpoint 
absorbance of the titration curve of ihc standard were calculated and then 
divided by the concentration of the slandard corresponding lo the midpoint 
ab.sorbance of the standard titration curve. As.says for full-lcnglh IgG were 
the -same as for ihc F(ab)s exccpl ihat the assay buffer contained 10% 
human serum. 

BIAcore Biosensor Assay.s. VEGF binding of the humanized and chimeric 
F(ab)s were compared using a BIAcore biosensor (41), Conceniraiions of 
F(ab)s were dcicrinined by quantitative amino acid analysis. VEGF was 
coupled to a CM-5 biosensor chip through primary amine groups according lo 
manufacturer's insiruciit)ns (Pharmacia). Off-rate kinetics were measured by 
saturating the chip with F(ab) 1 35 mI of 2 ^lm F(ab) at a flow rale of 20 ^l/min j 
and then switching to buffei (PBS -0.0.5% poly.sorbalc 20). Dala points from 
0-4500 s were u.scd for off-rate kinetic analysis. The dis.sociation rate constant 
(J^orf> was obtained from the slope of the plot of \n{RO/K) verxu.s lime, where HO 
is the signal at ^ = 0 and R is the signal al each time point. 

On-ratc kinetics were measured using 2- fold .serial dilutions of F(ab) 
(0.0625-2 niM). The slope, K^. was obtained from the plot of \i\{-tiRldt) 
versus lime for each F(ab) concentration using the BIAcore kinetics cval- 
uaiion software as described in the Pharmacia Biosensor manual, R is ihe 
signal at timer Data between 80 and I6K. 148, 128.114, 102. and 92 s were 
used for 0.0625. 0.I2.V 0.2S. 0.5, 1. and 2 mM F(ab). respectively. The 
association rate constant (A.,„) was obtained from the slope of the plot of /T, 
versus F(ab) concentration. Al the end of each cycle, bound F(ab) was 
removed by injecting 5 of 50 m.M HCI at a flow rate of 20 /itl/min to 
rcgeneraie the chip. 

Endothelial Cell Growth As-say. Bovine adrenal coricx-dcrivcd capillary 
endothelial cells were cultured in the presence of low glucose DM EM (Life 
Technologies. Inc.) supplemented with 10% calf sciuin. 2 niM clutamine. and 



unlibioiics (grounh medium), essentially as described previously (42). For 
milogcnie a.ssays. endothelial cells were seeded at a density of 6 x 10^ 
cells/well in 6- well plates in growth medium. Either muMAb VEGF .A.4.6. 1 ur 
rhuM Ab VEGF was ihen added at concentrations ranging be i ween I and 5000 
nsz/ml. After 2-3 h. purified E. rf///-ex pressed rhVEGF„,ji was added to a Hnal 
concentration of 3 ng/ml. For speciHcity control, each antibody was added lo 
endothelial cells at the conccntraiioii of ..SOOO ng/ml. cither alone or in ihc 
presence of 2 ng/ml bFGF. After 5 or 6 days, cells were dissfxriaicd by 
exposure to trypsin, and duplicate wells were counted in a Coulter counter 
(Coulter Electronics. Hialeah. FL). The variation from the mean did not exceed 
lOC-b. Data were analyzed by a four- para meter cur\'e fitting program (Kalei- 
daGraph). 

In Vivo Tumor Studies. Human A673 rhabdomyosarcoma cells (Amer- 
ican Type Culture Collection: CRL 1598) were cultured as described 
previously in DMEM/FI2 supplemented with 10% fetal bovine scrum.. 2 
mM gluiamine. and antibiotics (20. 22). Female BALB/c nude mice. 6-10 
weeks old. were injected s.c. with 2x10'' tumor cells in the dorsal area in 
a volume of 200 mI- Animals were ihcn treated with muMAh VEGF 
A.4.6. 1. rhuMAb VEGF. or a control murine MAb directed again.st the 
gpI20 protein. Both anti-VEGF MAbs were administered at the do.ses of 
0.5 and 5 mg/kg; ihe control MAb was given at the dose of 5 mg/kg. Each 
MAb was administered twice weekly i.p. in a volume of 100 m'. starting 
24 h after tumor cell inoculation. Each group consisted of 10 mice. Tumor 
size was determined at weekly inier\'als. Four weeVs after tumor cell 
inoculation, animals were euthanized, and the tumors were removed and 
weighed. Statistical analysis was performed by ANOVA, 



RESULTS 

Humanization. The conscnsu.s sequence for ihe human heavy 
chain .subgroup III and ihe light chain .subgroup k 1 were used as ihe 
framework for the hunianizalion (Rcf. 30; Fig. 1), This framework ha.s 
been successfully used in the humanization of other murine antibodies 
(31, 32, 43. 44), AH humanized variants were initially made and 
screened for binding as F(ab)s expressed in E. coli. Typical yields 
from 500-ml shake flasks were 0.1-0.4 mg F(ab). 

Two definitions of CDR residues have been proposed. One is based 
on sequence hypcrvariability (30) and the other on crystal simciures 
of F(ab)-anligen complexes (45). The sequence-based CDRs are 
larger than the structure-based CDRs, and the two definitions are in 
agreement except for CDR-HI ; CDR-HI includes residues H3I-H35 
according to the .sequence-based dennilion, and residues H26-H32 
according to Ihc siruciure-ba.scd definition (light chain residue num- 
bers arc prefixed with L; heavy chain residue numbers are prefixed 
with H). We, therefore, defined CDR-H 1 as a combinaiion of the two, 
/.f.. including residues H26-H35. The other CDRs were defined using 
the sequence-based definition (30). 

The chimeric F(ab) was used as the slandard in the binding assays. 
In the initial variant, F(ab)-1. the CDR residues were transferred from 
the murine antibody to the human framework and, based on the 
models of the murine and humanized F(ab)s, the residue at position 
H49 (Ala in humans) was chanced to the murine Gly. In addition, 
F(ab)s ihat consi.sied of the chimeric heavy chain/F(ab)-l light chain 
[F(ab)-2] and F(ab)-1 heavy chain/chimeric light chain |F(ab)-3] were 
generated and tested for binding. F(ab)-1 exhibited a binding affinity 
greater than lOOO-fold reduced from the chimeric F(ab) (Table 1). 
Comparing the binding affinities of F(ab)-2 and F(ab)-3 suggested 
that framework residues in the F(ab)-1 VM domain needed to be 
altered to increase binding. 

Previous humanizaiions (31. 32, 43. 44) as well as studies of 
F(ab)-antigen crystal structures (45. 47) have .shown that residues H7 1 
and H73 can have a profound effect on binding, po.ssibly by inllu- 
encing the conformation.*; of CDR-MI and CDR-H2. Changing the 
human residues to their murine counterparts in F(ab)-4 improved 
bindinc bv 4-fold (Table 1). Inspection of the models of the murine 
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humakiz^vtion of an anti-^ 



Variable Heavy 

A. 4 .6.1 r I PL VCSG? E LKOPGgTVR T fiCKAS P VTPTW VGMl.- WKOAPG KGLKWHG 

F lab) - 1 2 EV0LVESGGGLV0PGGSLRLSCAAS£ri£:iIiXG!2iWVRQAPGKGLEWVG 

m Ik* * * * 

huml 1 1 tVCLVESGGGLVQPGGSLRLSCAASGFTFSSYAKSKVROAPGKGLEWVS 
1 10 20 30 40 



A . 4 . 6 . 1 b'^^'^TYTGEPTYAAprKR RFTFSLFTSASTAYLO I SNLKKDDTATYFCAK 

F (ab) - 1 2 WTtJTyTGEPTYAADFKR RFTFSLDTSKSTAYLOMNSLRAEDTAVYYCAK 

hum 1 1 1 VISGDGGSTYYADSVKGRFTISRONSKKTLYLQMNSLRAEDTAVYYCAR 
SO a 60 10 80 abc 90 



A . 4 . 6 . 1 YPHyYGSSHMYFDVW GAGTTVTVSS 

F(ab)-12 YpHVYnq^HWYFDVWGOGTLVTVSS 

humlll G FDYWGQGTLVTVSS 

110 



Variable Light 

A, 4 . 6 .1 nTQMTOTT.qSL.SASLGDRVIISC SAfiOOISNYLN WYQQKPDGTVKVLIY 

F (ab) -12 DTQMTQSPSSLSASVGDRVTITCSASQiaStmJiWYQQKPGKAPKVLIY 

• * * * 

humKI DTQMTQSPSSLSASVGDRVTiTCRASQSISNiLAWYOOKPGKA^KLLIY 
1 10 20 30 40 



A. 4 . 6 . 1 rTSSLHS GVPSRFSGSGSGTDYSLTISNLEPEDIATYYCOQYSTVPWTF 

* * « * * 

F (ab) - 1 2 FTRSLHS GV^SRFSGSGSGTDFTLTISSLOPEDrATYYCOOY5?TVPWTF 
« * * *** . * 

humKI AASSIXSGVPSRFSGSGSGTDFTLT rSSLQPEDFATYYCQQYNSLPWTF 

50 60 70 80 90 



A. 4. 6.1 GGGTKLEIKR 

F(ab)-12 GQGTKVEIKR 

humKI GQGTKVEIKR 
100 

Fig. 1 . Amino acid sequence of variable heavy and light domains of muMAbVEGF 
A.4.6.I, humanized F(ab) with opiiraal VEGF binding tF(ab)*12] and human consensus 
frameworks ihumUI. heavy subgroup III; huniKl. light k subgroup I). Asterisks, differ- 
ences between humanized F(ab)-12 and ihc murine MAb or between F(ab)-12 and the 
human framework. CDRs arc utxd crimed. 

and humanized F(ab)s suggested thai residue L46, buried at the 
VL-VH interface and interacting with CDR-H3 (Fig. 2), might also 
play a role either in determining the conformation of CDR-H3 
and/or affecting the relationship of the VL and VH domains. When 
the murine Val was exchanged for the human Leu at L46 [Fj[ab)-5], 
the binding affinity increased by almost 4-fold (Table 1). Three 
other buried framework residues were evaluated based on the 
molecular models: H49, H69, and H78. Position H69 may affect 
the conformation of CDR-H2. whereas position H78 may affect the 
conformation of CDR-Hl (Fig. 2), When each was individually 
chBnged from the human to murine counterpart, the binding im- 
proved by 2-fold in each case [F(ab)-6 and F(ab)-7; Table 1 ], When 
both were simultaneously changed, the improvement in binding 
was 8-fold [F(ab)-8; Table ]]. Re.sidue H49 was originally in- 
cluded as the murine Gly; when changed to the human consensus 
counterpan Ala, the binding was reduced by 15-fold [F(ab)-9; 
Table 1]. 

We have found during previous humanizations that residues in a 
framework loop. FR-3 (30) adjacent to CDR-Hl and CDR-H2. can 
affect binding (44). In F(ab)-10 and F(ab)-1 1 , two residues in this loop 
were changed lo their murine counterparts: AsnH76 to murine Ser 
[F(ab)-IO] and LysH75 to murine Ala [F(ab)-ll]. Both effected a 
relatively small improvement in binding (Table 1). Finally, at position 
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H94. human and murine .sequences most often have an Arg (30). In 
F(ab)-12, this Arg was replaced by the rare Lys found in the murine 
antibody (Fig. 1 ), and this resulted in binding that was less than 2- fold 
from the chimeric F(ab) (Table 1). F(ab)-12 was also compared to ihe 
chimeric F(ab) using the BIAcore system (Pharmacia). Using this 
technique, the of the humanized F(ab)-12 was 2-fold weaker than 
that of the chimeric F(ab) due to both a slower and faster k^^^. 
(Table 2). 

Full-length MAbs were constructed by fusing the VL and VH 
domains of the chimeric F(ab) and variant F(ab)-I2 to the constant 
domains of human k light chain and human IgGl heavy chain. The 
full-length 12-lgGI (F(ab)-I2 fused to human IgGl] exhibited bind- 
ing that was 1.7-fold weaker than the chimeric IgGl (Table 3). Roth 
12-lgGI and the chimeric IgGl bound slightly less well than the 
original muMAb VEGF A.4.6.1 (Table 3). 

Biological Studies. rhuMAb VEGF and muMAb VEGF A.4.6.1 
were compared for their ability to inhibit bovine capillary endo- 
thelial cell proliferation in response to a near maximally effective 
concentration of VEGF^^^ (3 ng/ml). In several experiments, the 
two MAbs were found to be essentially equivalent, both in potency 
and efficacy. The ED,oS were, respectively; 50 ± 5 and 48 i: 8 
ng/ml (^0.3 nM). In both cases, 90% inhibition was achieved at the 
concentration of 500 ng/ml (^3 nM). Fig. 3 illustrates a represent- 
ative experiment. Neither muMAb VEGF A.4.6.1 nor rhuMAb 
VEGF had any effect on basal or bFGF-siimulated proliferation of 
capillary endothelial cells (data not shown), confirming that the 
inhibition is specific for VEGF. 

To determine whether similar findings could be obtained also in an 
in vivo system, we compared the two antibodies for their ability to 
suppress the growth of human A673 rhabdomyosarcoma cells in nude 
mice. Previous studies have shown that muMAb VEGF A.4.6.1 has a 
dramatic inhibitory effect in this tumor model (20. 22). As shown in 
Fig. 4, at both doses tested (0.5 and 5 mg/kg), the two antibodies 
markedly suppressed tumor growth as assessed by tumor weight 
measurements 4 weeks after cell inoculation. The decreases in tumor 
weight compared to the control group were, respectively, 85 and 93% 
at each dose in the animals treated with muMAb VEGF A.4.6.1 versus 
90 and 95% in tho.se treated with rhuMAb VEGF. Similar resulLs were 
obtained with the brea.si carcinoma cell line MDA-MB 435 (data not 
shown). 

DISCUSSION 

The murine MAb A.4.6.1, directed against human VEGF (42), 
was humanized using the same consensus frameworks for the light 
and heavy chains used in previous humanizations (31, 32, 43. 44), 
Le., VkI and VHIIl (30). Simply transferring the CDRs from the 
murine antibody to the human framework resulted in a F(ab) that 
exhibited binding to VEGF reduced by over 1000-fold compared to 
the parent murine antibody. Seven non-CDR. framework residues 
in the VH domain and one in the VL domain were altered from 
human to murine to achieve binding equivalent to the parent 
murine antibody. 

In the VH domain, residues at po.silions H49, H69, H7 1 , and H78 
arc buried or partially buried and probably effect binding by 
influencing the conformation of the CDR loops. Residues H73 and 
H76 should be solvent exposed (Fig. 2) and hence may interact 
directly with the VEGF; these two residues arc in a non-CDR looj) 
adjacent to CDRs HI and H2 and have been shown to play a role 
in binding in previous hunianizaiions (31, 32, 44). The requirement 
for lysine at position H94 was surprising given that this residue i> 
arginine in the human framework (Fig. 1). In some crystal struc- 
tures of F(ab)s, ArgH94 forms a hydrogen-bonded salt-bridge with 
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H2 

73 \ HI 



78 



1 



Fig Ribbon diiiiirain ol ihc nuKlct of humanized P(a!»)-I2 VU and VH domains. VL domain is shown in hmwn wiih CDRs in f«/i. The side chain of residue L46 is shown in 
xelUtw. VH domain is vhmvn in ptiqtlr with CDRs in pink. Side chains of VH residues changed from human lo murine arc shown in yrlltm . 



TahK- 2 HinJma of tinii VECf' h'ittbl vantuits U» VEGF usinji the HIAcorc t^ystnu" 



Variani 

chim*K(ab/' 
I-(al.M2 



Anmunl of (l-'ab) 
btiumi (KU) 



4250 
.^74(1 



6 J X lU ^ 



f>.5 X rir 

3.5 X lO'' 



A J (nsi) 

0.91 
1.8 



" The aini>unt ol* l-<ab) bound, in re-vonunce units iRU). \va> measured using a HIAcore 
svsient wIk'h 2 ^ j F(ab) was injei'icit imto a chip ctiniaininj: 24 RO RU of immobili)xd 
VP.OI'. OJT-raic krneiic-; (Jl,„,) were measured by saluralin^ ihe chip wiih F(ab) and ihen 
luontloring disstK'iation after swiiching to buffer. On -rale kineiics were mcusuicd 
usinp 2- fold serial diluiions of P(ah). A'.,, the equilibrium dis.sociaii»n eonsianl. was 
ealeulaied a\ i:,.„/i„n- 

'' ehini-F(ahl is a chmieric Piab) wiih murine VL and VH domains fused lo human CL 
ami CHI heavy domams. 



AspIllOl (33. 48). Substiunion of lysine for argininc miglu con- 
ceivably alter iliis sall-briclcc and perturb ihe conformaiion of 
CDR-H'3. 

In the VL domain, only one framework residue had lo be changed 
10 murine to opiiniize the hiinuinization. Position L46 is at the VL-VH 
interface, where it is buried and interacts directly with CDR-H3 (Fig. 
2). I hc requirement for murine valine (a.s opposed to human leucine) 
implies that liiis residue plays an imponanl role in the conformation of 



COR H3. The necessity of retaining LysH94 in VH, which is also 



adjacent to CDR-H3. suggests that CDR-H3 plays a major role in the 
binding of the antibody lo VEGF. 

The humanized version with optimal binding, 12-IgGK exhib- 
ited onlv a 2 -told reduction in binding compared to the parent 
murine antibody (Table 3). An analysis of the binding kinetics of 
the humanized and chimeric F(ab)s showed lhat both had similar 
off- rates but lhat the humanized F(ab) had a 2-fold slower on -rate 
(Table 2). which accounts for the 2-fold reduction in binding. 
However, this modest reduction in on-rale did not result in any 
decreased ability to antagonize VEGF bioactivity. The two. anti- 

Table ."i fi'mUit\: oj omi'VECf IjiC vttrimtx lo YHCF" 



IcGl/chliiCl'' 



Variant 



Mean 



SI) 



chleGl 
murlcCil* 

imJgi'' 



1.0 

0.759 
1.71 



0.001 
O.O.'^ 



" AntiA ECF IsG \arianiN.were ineuhated with tiiniinylatcd VEGK and then irans- 
fciTed 10 CLISA pl!!itf> coated with KDR-1?G I4t)i. 

''chlcGI is chimeric leCl wiih murine VL and VH domains fused lo human CI- and 
I.jGI hcaw chains: the EC^„ for chlcGl was 0.113 ± 0.013 ^pm\ (0.75 mmi. 
" ' inurleGI i> muMAb VUGF .A.4.6.1 purified from a.';ciics. 

12 t*:Ci I l^ F«.*.bi- 12 \ y. and VH domains fused lo human CL and IjiG I hea\ y chains. 
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hodic. had cssenu:...y idcn.ica. .cnivi.y. ho... in an cndohCia. cel. 

,1.. bccii also applied .0 .he h..maniyj..on ol muMAb VECr 
4-6 (40 Ra-uic.,' ' nuuuccsis of .Tamco-U .sidues rcsuUc -n 
:w,io« or varianis . ilh si.nir.ca.uly iniprovcd afnn.iy con,pan.d o 
7 . un ni..c. MAb wi.h no .nuncwork changes. Hcnvcvcr: the 

, "din. arnniiv o. muMAb VEGF A.4.6.1 compare .o ih U 

:r : Vo : c - pUa. disp.ay. ... as amni.y n.uu- 
::;;:„ ;rcSKs C..... .cs... in vaHan. wi.b even .,.,ber 

"";;rainc.usion. pro.cin engineering techniques n^snUed in vinuaUy 
comp r cq is .o„ bv a h.man im.uunoglobulin lran,exynrk of .be 
^' it nmncrtics and bioKv.ical ac.ivi.ics of a bigh-afl.nuy niunne 
■ %c7Tm^ n view or.be nea.ly ubiquitous up-regulafon o. 
V^^r^n^Nl^n' u„u,n tun.ors ,P-.6, and .be abi.i.y o.' ntuMAb 
VPGF A 4 M to inhibit .he . grosv.h of a br.>ad spectt^m of 
Ml ines (-()--v). VKCr is a .najor target ol anticancer 

. HrrKMhesis tbn. inhibition <.f VF.GF-...edia.cd ang.ogene .s .s-. 

^^^^^ 

r .he hu.mni«..ion can be uUima.ely judged by the degree of 

tuMAb VEG^ did "0. induce any an.i-g.obulin respon>« m breast 
i cirpaTiaUs and also de.nons.ratcd clinical cfncacy (51) makes 
cancer P'»"<:"'^'^^ ,^ ^,.^1, o,hcr (52) inals raise 

ZX:ZJXZX^^ -suits (53). prog^ss in antibody 
Sk;.:; c::upled with Secion of better targets, will bring therapy 
Nviih MAbs closer to fuiniling its promises. 
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ACS news: 

Drug Shows Promise Against Advanced Colon Cancer 

Targets Tumor's Blood Supply 

June 04, 2003 02:37:23 PM PST, ACS News Center 

An experimental drug that targets the blood supply of tumors can help people with advanced 
colorectal cancer live longer, according to research presented at a recent oncology meeting. The 
findings give hope to scientists who have been pursuing this avenue of treatment known as 
antiangiogenesis therapy for years, without success. 

"Our study offers important proof of the philosophy that targeting a tumor's blood supply can, in 
fact, inhibit the tumor's ability to proliferate." said lead investigator Herbert Hunwitz, MD. of Duke 
University Medical Center, in a statement. 

Hurwitz and his colleagues studied more than 800 people with metastatic colorectal cancer 
(cancer that had spread to other parts of the body). Half the group received standard 
chemotherapy for their disease, while the others were treated with standard chemotherapy plus 
the experimental drug bevacizumab (Avastin), made by Genentech. 

Patients Survived Longer 

Patients receiving Avastin lived about five months longer than patients on the standard regimen 
alone. HunA^itz reported at the annual meeting of the American Society of Clinical Oncology in 
Chicago. In addition, more of the Avastin patients saw their tumors shrink, and it took longer for 
their tumors to resume growing. 

Side effects reported in the study were not severe, the researchers said. About 11% of patients 
developed high blood pressure while taking Avastin, but the condition was manageable with 
standard medications. 

The results are "extremely significant," said Durado Brooks. MD, director of prostate and 
colorectal cancer for the American Cancer Society. Advanced disease is very aggressive, he 
said, and extremely hard to treat with existing chemotherapy regimens. 

"Because the outcomes are so poor with advanced disease, it's marvelous to have a new arow 
in our quiver," Brooks said. 

Screening Still Critical Until There's a Cure 

However, he noted that Avastin is not yet available for use (a Genentech statement said it is 
"discussing plans" to file for FDA approval) and it isn't a cure. 
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"The best cure for colon cancer is not to get it," Brooks said, "so we need to be focusing on early 
screening to prevent it. or detect it early." 

Screening can help detect colon growths called polyps before they become cancerous. With early 
detection, Brooks said, five-year survival of colon cancer exceeds 90%; once the disease is 
advanced, however, five-year survival is only about 10%. Because early colon cancer has few 
symptoms, only about one-third of cases are detected at this stage. 

Colorectal cancer is the third most common cancer in the United States and the second leading 
cause of cancer deaths. The American Cancer Society estimates that more than 147,000 people 
will be diagnosed with it this year, and about 57,000 will die from it. 

Choking the Tumor 

Avastin works against colon cancer by blocking a protein called vascular endothelial growth factor 
(VEGF). Tumors need the protein to grow and maintain their blood vessels. When VEGF is 
blocked, the tumor gets less blood, so it shrinks or spreads more slowly. 

Several other drugs have tried to attack cancer by choking the tumor's blood supply, but Avastin 
appears to be the first one that actually has succeeded, researchers said. 

Scientists are hopeful that blocking VEGF can help treat other types of cancer, too. Genetech is 
studying Avastin for use against kidney cancer, lung cancer, and breast cancer, though initial 
results of a breast cancer trial were disappointing. 

Results from other studies of Avastin for colorectal cancer are also expected soon. 



"We want to recognize the contributions of the numerous investigators and the courage of the 
hundreds of patients who participated (in the clinical thals)," Genentech's chief medical officer 
Susan Hellmann. MD, said in a statement. 



J Cancer Res Clin Oncol (1999) 125:336-342 
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Abstract . Vascular endothelial growth factor (VEGF) is 
an important mediator of tximor-induced angiogenesis 
and represents a potential target for anticancer therapy. 
Therefore, we prepared a panel of monoclonal anti- 
bodies (mAb) against both the VEGF^i and VEGFies 
isoforms. Three of them completely neutralized the mi- 
togenic stimulation by VEGF of human umbilical vein 
endothelial cells at mAb concentrations below 0.1 ng/ml. 
The most potent one, with a dissociation constant (K^) 
of 8 pM, inhibited, in a dose-dependent manner, VEGF- 
induced angiogenesis in a growth factor implant model 
in mice. A complete inhibition of the angiogenic re- 
sponse was obtained by daily intraperitoneal injections 
of 10 ^ig mAb/mouse. Angiogenesis induced by basic 
fibroblast growth factor was not inhibited by the niAb. 
Epitope mapping of the mAb, performed by competitive 
enzyme-linked immunosorbent assay and Western blot 
analysis, showed that it did not bind to the reduced and 
denatured monomer of VEGF. Substitutions of three 
residues (Q87R, G88K, Q89K), located on the major 
surface loop pS to P6 of VEGF, resulted in the complete 
loss of binding (more than 400-fold reduction). The re- 
sults suggest that the mAb binds primarily to a confor- 
mation-dependent epitope on the VEGF dimeric form, 
encompassing one of the loop regions involved in KDR 
receptor binding. The mAb with its strong neutralizing 
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properties represents a ifsefuV agent for effective blocking 
of VEGF-mediated tumor neovascularization. 

Key words VEGF • Neutralizing antibody • Epitope • 
Angiogenesis 

Abbreviations VEGF vascular endothelial growth 
factor • PDGF platelet-derived growth factor ■ bFGF 
basic fibroblast growth factor • KLH keyhole limpet 
hemocyanin • PBS phosphate-buffered saline - pAb 
polyclonal antibody • HUVE human umbilical vein 
endothelial • KDR kinase domain receptor 



IntroducQon 

Angiogenesis, the sprouting of new capillaries from pre- 
existing blood vessels, is essential in reproduction, 
development and tissue repair. The process is tightly 
regulated by many factors, and deregulation leads to 
several pathophysiological condition such as cancer, 
rheumatoid arthritis, psoriasis, diabetic retinopathy and 
impaired healing (Folkman and Shing 1992; Folkman 
1995). In particular, the growth of tumors beyond a 
certain size is dependent on angiogenesis (Folkman 
1992) and clinical studies have shown that the intensity 
of the angiogenic response, measured by the degree of 
tumor micro-vascularization, correlated with poor 
prognosis in several types of cancer (Weidner 1993). 
Vascular endothelial growth factor (VEGF), also known 
as vascular permeability factor, appears as a unique and 
potent multifunctional cytokine, inducing both vascular 
permeability and angiogenesis in vivo (Ferrara et al. 
1992; Dvorak et al. 1995; Ferrara and Davis-Smyth 
1997). VEGF is a disulfide-linked dimeric glycoprotein, 
with homology to platelet-derived growth factor 
(PDGF) and placenta growth factor (Maglione et al. 
1991). Recently, three additional members of the VEGF 
family were identified and designated VEGF-B, VEGF- 
C, and VEGF-D (Achen et al. 1998). There are at least 
four isoforms of VEGF that are generated by alternative 
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splicing of a single gene (Tischer et al. 1991). Many 
different cell types are able to produce VEGF but its 
mitogenic activity is restricted primarily to endothelial 
cells by way of two structurally related PDGF-receptor- 
like tyrosine kinases, Flt-1 and Flk-l/KDR, that are 
expressed predominantly on vascular endothelium (De 
Vries et al. 1992; Terraan et al. 1992). These findings are 
consistent with the hypothesis that VEGF is primarily a 
paracrine mediator. Elevated VEGF expression has been 
reported in the vast majority of human tiunors so far 
examined and VEGF overexpression has been associat- 
ed with poor prognosis. Indeed, VEGF-rich tumors 
correlate with low survival rates in ovarian, gastric, lung 
and breast cancer patients (Paley et al. 1997; Maeda et al. 
1996; Volm et al. 1997; Toi et al. 1995; Eppenberger et al. 
1998; Linderholm et al. 1998). A direct role of VEGF in 
tumorigenesis has been clearly demonstrated in vivo by 
various means. Treatment with either VEGF-neutraliz- 
ing mdndclorial antibodies (Kim et al. 1993; Asano et al. 
1995; Borgstrom et al. 1996), or antisense VEGF (Saleh 
et al. 1996) strongly inhibited the growth of tumours 
transplanted in nude mice. Inhibition of endogenous 
expression of VEGF leads to reduced timiorigenicity 
(Cheng et al. 1996). A retrovirus-mediated expression of 
a dominant-negative Flk-1 mutant, which interfered 
with the wild-type receptor-mediated signal transduc- 
tion, suppressed tumor growth (Millauer et al. 1994). 
Embryonic stem cells vrith a disrupted VEGF gene 
(VEGF"'"), exhibited reduced ability to form tumors in 
nude mice (Ferrara et al. 1996). 

VEGF belongs to the cystine-knot family of growth 
factors. The recent resolution of the crystal structure of 
VEGF confirmed the overall resemblance between the 
VEGF monomer topology and that of PDGF, consisting 
of a central antiparallel four-stranded jS sheet with the 
characteristic cystine knot at one end, and three solvent- 
accessible loop regions (MuUer et al. 1977a, b). The 
identification of VEGF determinants involved in KDR/ 
Flk-1 binding was determined by charge-reversal and 
alanine scanning mutagenesis (Muller et al. 1997 a; Keyt 
et al. 1996). Each functional KDR binding site consisted 
of two "hot spots" composed of binding determinants 
that were contributed by both subunits in the homodi- 
mer. The crystal structure of the complex between VEGF 
and the second domain of Flt-1 revealed that altogether 
21 ligand residues contributed to the VEGF/receptor 
interface (Wiesmann et al. 1997). In the present study, we 
describe a new highly potent in vivo neutralizing anti- 
VEGF monoclonal antibody (mAb). Epitope analysis 
using VEGF mutants revealed that the mAb binds to one 
of the surface loops involved in receptor binding. 



Materials and methods 

Regents 

Human recombinant VEGF121 and VEGFies were kindly provided 
by Dr. G. Martiny-Baron (Institute of Molecular Medicine, Tumor 
Biology Center, Freiburg, Germany). They were produced in Sf9 



insect cells infected with a recombinant baculovirus expressing the 
respective VEGF cDNA as described previously (Fiebich el al. 
1993). Mutants of VEGFj-i^i. with an amino-terminal Hisa tag, 
were prepared in Escherichia coli as described previously (Si- 
emeister et al. 1998a, b). The proteins were refolded from inclusion- 
body material and purified by Ni^"^ -affinity chromatography. 
Protein concentrations were measured by the Bradford protein 
assay using bovine serum albumin as a standard, and were con- 
firmed by scanning analysis of sodium dodecyl sulfate (SDS)/ 
polyacrylamide gels. Besides truncation of the N and C terminus, 
three loop regions designated (L-I, L-Il, L-III) were subjected to 
site-directed mutagenesis. These surface loops were predicted from 
a model of VEGF based on the crysul structure of PDGF-B and 
corresponded to the segments connecting strands ^1 to ^3, ^3 to 
)54, and pS to ^6 of the recently published VEGF crystal structure 
(Muller et al. 1997a). Within these loops, the VEGF residues were 
substituted with the corresponding residues from PDGF, which 
were selected to avoid disturbance of the overall structure of the 
VEGF mutant proteins. The VEGF mutants were characterized by 
competitive binding assays, SDS gel electrophoresis in non-reduced 
conditions, and for their stimulation of DNA synthesis in human 
umbilical vein endothelial (HUVE) cells (Siemeister et al. 1998a. b). 



Antibody preparation and characterization 

Two panels of anti-VEGF antibodies were prepared. The first one, 
described previously (Schlaeppi et al. 1996), consisted of four mAb 
and one polyclonal antibody (pAb 85618) generated by immunizing 
BALB/c mice and Chinchilla rabbits with human VEGF,2i con- 
jugated to keyhole limpet hemocyanin (KLH). In addition, an 
antibody (pAb 85568) was generated against a synthetic peptide 
corresponding to the VEGF N-terminal sequence 1-26, common to 
all VEGF isoforms. The pAb was purified on a VEGF-peptidc- 
bound thiopropyl-Sepharose column (Schlaeppi et al. 1996). A 
second panel of three mAb was prepared against VEGF165. As for 
the smaller isoform, carbodiimide was used to couple recombinant 
human VEGF165 to KLH. The mAb class and subclass were de- 
termined with an enzyme-linked immunosorbent assay (ELISA) 
isotyping kit from Bio-Rad Laboratories (Hercules, Calif,). The 
mAb were purified from hybridoma cell supematants by ammo- 
nium sulfate precipitation and protein-G-Sepharosc chromatog- 
raphy as described previously (Schlaeppi et al. 1996). For the mAb 
4301-42-35 tested in vivo, the supernatant of cells grown in mini- 
PERM production modules (Heraeus Instruments, Osterode, 
Germany) was purified by protein-G-Sepharose chromatography. 
The purity of the mAb was assessed by SDS gel electrophoresis and 
the concentration was determined by absorbance at 280 nm. The 
characteristics of the mAb, namely their dissociation constants of 
the antigen/antibody equilibrium (J^d). and their cross-reactivity 
patterns, were determined by competitive ELISA as described 
previously (Schlaeppi et al. 1996). Briefly, purified mAb were in- 
cubated overnight at 4°C with increasing concentrations of 
VEGF165 standards or analogs. The antibody/antigen mixture was 
then transferred to VEGFi65-coated microtiter plates (0.0 1 ^g/ 
well). After 1 h incubation at room temperature, binding of the 
antibody to the well was revealed by the addition of goat anti- 
(mouse Ig) antibody conjugated to alkaline phosphatase, followed 
by substrate addition and A405 measurement. The data were pro- 
cessed, using the Softmax 2.31 software (Molecular Devices, Menlo 
Oaks, Calif.) and four-parameter logistic curve fitting. The was 
calculated as described previously (Schlaeppi et al. 1996). 



Kinetic analysis by BIAcore technology 

The molecular interactions between VEGF and mAb 4301-42-35 
were measured by surface pi asmon-reso nance detection, using the 
BIAcore 2000 system as described previously (Karlsson and Fait 
1997). Biotinylated mAb 4301-42-35 was diluted in HBS buffer 
(0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% 
surfactant P20) to 50 Mg/ml and injected at a flow rate of 5 ^l/min 
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for 6 min over the surface of a streptavidin-coated sensor chip 
(Biacore« Uppsala, Sweden) according to the manufacturer's in- 
struction. The amount of biotinylated mAb immobilized on the 
streptavidin-coated sensor chip corresponded to an average of 4800 
resonance units. A biotinylated mouse mAb of the same isotype 
was immobilized as a control for unspecific binding and bulk re- 
fractive-index contributions. VEGF binding assays were performed 
at 37**C. VEGF|65, at concentrations ranging from 6,5 nM to 
288 nM, was injected for 3 min at a flow rate of 10 ^1/min. The 
dissociation of bound antigen in HBS buffer was followed for 
6000 s at the same flow rate. The mAb surface was regenerated by 
injecting 10 ^1 40 mM glycine/HCl pH 2.5. The association and 
dissociation rate constants {kon and kotd and the equilibrium dis- 
sociation constants (Xd = /ronr/^on) were determined using the 
BIAevaluation software version 3.0 with algorithms for global 
analysis, as described previously (Karisson and Fait 1997). 

Measurement of antibody-neutralizing activity in vitro 

The neutralization of the VEGF mitogenic activity by anti-VEGF 
antibodies was measured on HUVE cells stimulated for 18 h with 
5 ng/ml' VEGFi65 in tiie presence of increasing concentrations of 
mAb. Then (me//i;'/-^H]thymidine was added and the incorporation 
was measured after a 6-h incubation as described previously (Fie- 
bich et al. 1993). 



Effects of VEGF-neutralizing antibody 
on VEGF-induced angiogenesis in vivo 

The effects of mAb 4301-42-35 on the angiogenic response induced 
by VEGF and basic fibroblast growth factor (bFGF) were evalu- 
ated in a growth-factor implant model. A porous Teflon chamber 
(volume 0.5 ml) was filled with 0.8% agar containing heparin 
(20 U/ml) with or without human VEGF (3 ng/ml) or bFGF 
(0.3 ng/ml), and was implanted subcutaneously on the dorsal flank 
of female C57BL/6 mice. The mice, weighting 17-20 g. were ob- 
tained from the Novartis animal breeding facility and were kept in 
groups according to Swiss federal guidelines (six animals per 
treatment group). The treatment with mAb or vehicle (0.9% NaCl) 
was started 1 day before implantation of the chamber and con- 
tinued for 5 days after. The mice were killed and the chambers 
removed after 5 days. In the first experiment, mAb 4301-42-35 was 
tested i.p. in daily doses of 2, 10 and 20 ng/mouse against VEGF 
only. In the second experiment a daily dose of 20 ng mAb/mouse 
was tested against both VEGF and bFGF. The vascularized tissue 
growing around the chamber was carefully removed weighed and 
the blood content assessed by measuring the hemoglobin content of 
the tissue. Hemoglobin was measured by the Drabkins method 
(Sigma Chemie GmbH, Deisenhofen, Germany). The significance 
of the differences between mAb- and vehicle-treated groups were 
analyzed by the non-parametric Kruskal-Wallis test. 



Results 

Preparation and in vitro characterization 
of anti-VEGF mAb 

Seven monoclonal antibodies were obtained against 
VEGF by immunizing mice with protein conjugates 
made of either human recombinant VEGF121 or 
VEGF 165. They were characterized by competitive 
ELISA, Western blot analysis and in vitro neutralizing 
activity on VEGF-stimulated HUVE cells. Their disso- 
ciation constants (K^), measured by competitive ELISA, 
ranged from 0.01 nM to 1.93 nM VEGF165. Double- 
mAb competitive-binding ELISA revealed that all the 



mAb were binding to overlapping epitopes on VEGF 
(data not shown). Three mAb neutralized the VEGF 
stimulation of DNA synthesis in HUVE cells by 100% 
at mAb concentrations below 0.1 ^g/ml (Fig. 1). Among 
them, mAb 4301-42-35 {K^ = 8 pM/IgG,) was the most 
potent, and fully inhibited the VEGF stimulation at 
equimolar concentration of binding sites, whereas the 
two others, mAb 4299-93-1 {K^ = 63 pM/IgGz^) and 
mAb 4301-27-2 (Xd = 59 pM/IgGjJ, with lower affin- 
ity for VEGF, showed less potent neutralizing activity. 
Therefore, mAb 4301-42-35 was selected for further 
in vivo studies and detailed epitope analysis. By com- 
petitive ELISA, the mAb prepared with the KLH- 
VEGF165 conjugate showed almost comparable binding 
affinity for both VEGF,65 and VEGF121 (Table 1). 
Addition of up . to 1 [ig/ml placenta growth factor or 
PDGF-B to the mAb did not reduce the ELISA signal in 
the competitive assay, indicating that the mAb showed 
ho cross-reactivity with these growth factors, despite 
their shared homology with VEGF. The kinetic analysis 
of the binding of VEGFies to inunobilized mAb 4301- 
42-35 was determined with a BIAcore analyzer. As 
shown in Table 2, the apparent dissociation constant 
(K^ = Jtoff/'^on) was 20 pM. This value was close to the 
affinity constant measured in solution by competitive 
ELISA, and confirmed by another test system the high 
affinity of the mAb for VEGF. As shown in Fig, 2, 
Western blot analysis revealed that mAb 4301-42-35 was 
not binding to the reduced and denatured monomers of 
either VEGFjes or VEGF^i, in contrast to a control 
anti-peptide antibody. Moreover, deletion of 17 residues 
of the N- terminal domain of VEGF (VEGF 18-121)3 
which prevented dimer formation and thus resulted in a 
monomeric form of VEGF (Siemeister et al. 1998b), 
reduced the mAb binding by almost 50-fold, as shown 
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Fig. 1 The effects of anti-(vascular endothelial growth factor) 
(anti-VEGF) and control mAb on the growth of human umbilical 
vein endothelial (HUVE) cells stimulated by VEGF. HUVE cells 
were cultured for 18 h with 5 ng/ml VEGF^s in the presence of 
increasing concentration of mAb. The growth of HUVE cells was 
measured by the incorporation of [/we/Ay /-"^Hlthymidine during 6 h. 
O mAb 4301-42-35, V mAb 4301-27-2. □ mAb 4299-93-1, 
O control mAb (IgGi) 
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Table 1 Structure and binding properues of the human vascular 
endothelial growth factor (VEGF) mutants to KDR and to mAb 
4301-42-35. The structure was measured by sodium dodecyl sulfate 
eel electrophoresis under non-reducing conditions. KDR binding 
was measured by competitive binding assays on KDR-coated mi- 
crotiter plates (+ + , binding wild type as; + , 2- to 20-fold lower; 



> 20-fold lower). Mitogenic activity is the stimulation of DNA 
synthesis measured by pHJthymidine incorporation (+ + , as wild 
type. + , 2- to 20-fold lower; > 20 fold lower). was measured 
by competitive enzyme-linked immunosorbent assay. HUVE hu- 
man umbilical vein endothelial cells 
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VEGF3-i2i L-I" 
VEGF3-121 L-IIIA 
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Wild type 
Wild type 

N-terminal deletion (A 1-17) 
C-terminal deletion (All 1-121) 
D41N, E42Q, E44N. Y45F 
D63T, E64S, G65S, L66V 
R82E, K84E, Q87R. G88K, Q89K 
Q87R, G88K. Q89K 
R82E, K84E 



Dimeric 

Dimeric 

Monomeric 

Dimeric 

Dimeric 

Dimeric 

Dimeric 

Dimeric 

Dimeric 



Table 2 Kinetic parameters of VEGF binding to mAb 4301-42-35. 
VEGFi65i at concentrations ranging from 6.5 nM to 288 nM, was 
iniected over a streptavidin-coated sensor chip surface contammg 
around 4800 resonance units of mAb 4301-42-35. The kinetic 
constants (feon and kofd and the derived equilibrium dissociaUon 
constant {K^ = k^fdK.) were determined with a BIAcore analyzer 
as described in Materials and methods 



Parameter 




1 2 3 4 5 6 



Fie 2 Western blot analysis of antibody binding to VEGF dimer 
and monomer. Purified recombinant VEGF produced in Sf9 msect 
cells (0 15 ng/lane) was used for sodium dodecyl suifate/polyacryl- 
amide gel electrophoresis on 13% gel. VEGF165/VEGF121 mom- 
omer and VEGF,65/VEGFi2i dimer were obtained by running the 
gel electrophoresis in reducing {lanes l'-4) and nonreducmg 
conditions {lanes 5-6) as described previously (Schlaeppi et al. 
1 996) Lanes J , 2 anti-VEGF,_26 peptide pAb 85568; lanes 3-6 mAb 
4301-42-35. A VEGF,65 dimer (approx. 43 kDa). B VEGF,2i dimer 
(approx. 36 kDa), C VEGFies monomer (approx. 21.5 kDa), 
D VEGF121 monomer (approx. 18 kDa) 



by competitive ELISA (Table 1; Fig. 3 A). The results 
indicate that the mAb recognized a conformation-de- 
pendent epitope on the VEGF homodimeric form. 



Truncation of the C-terminal domain (VEGF no) by 
deletion mutagenesis showed almost no reduction of 
mAb binding (Table 1; Fig. 3 A). Substitution of resi- 
dues within the predicted surface loop HI of VEGF 
(R82E, K84E, Q87R, G88K, Q89K) resulted in the 
complete loss of binding (more than 400-fold reduction), 
whereas substitutions within loop I and loop II had no 
effects on mAb binding (Table 1; Fig. 3A). As shown in 
Table 1, only three substitutions (Q87R, G88K, Q89K) 
in the loop-Ill mutant were responsible for the loss of 
binding of mAb 4301-42-35, as shown by the more than 
400-fold reduction of binding to the mutant VEGF L- 
IIIA, whereas binding to the VEGF L-IIIB mutant with 
only'two substitutions (R82E. K84E) was not reduced. 
These binding properties seemed to be unique to this 
mAb, since the other neutralizing mAb 4301-27-2 and 
mAb 4299-93-1 showed complete loss of binding to both 
VEGF L-IIIA and L-IIIB mutants in competitive 
(ELISA {K^ > 4 nM). These results indicate that, de- 
spite overlapping epitopes in the loop-III region, subtle 
differences in ligand binding could be observed between 
the three neutralizing mAb. Although all the mAb failed 
to bind to the VEGF L-III mutant by competitive 
ELISA, the rabbit pAb 85618 showed around 60% 
cross-reactivity with the loop-III mutant (Fig. 3B). The 
binding of the polyclonal antibody to VEGF L-III in- 
dicates that the amino acid substitutions introduced 
within the loop region were not causing a major dis- 
turbance of the overall structure of the VEGF mutant 
protein compared to that of the wild type. 



Effects of anti-VEGF neutralizing antibody 
on VEGF-induced angiogenesis in vivo 

The in vivo neutralizing activity of mAb 4301-42-35 was 
tested in a growth-factor-implant angiogenesis model in 
mice. In this animal model, the angiogenic response in- 
duced by VEGF or bFGF was measured by the increase 
in weight and blood content of tissue growing around 
the subcutaneously implanted chamber. As shown in 
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Fig. 3A,B Cross-reactivity 
analysis by competitive enzyme- 
linked immunosorbent assay. 
Binding of mAb 4301 -42-35 (A) 
and pAb 85618 (B) to VEGF,2i 
and VEGF mutants, • VEGF 
121.0VEGF 18-121, ▼ VEGF 
lie, V VEGF L-1. ■ VEGF 
L-II, □ VEGF L-lIl 
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Fig. 4 In vivo neutralization of VEGF-induced angiogenesis by 
anti-VEGF mAb. Dose/response effects of daily i.p. injections of 
mAb 4301-42-35 (2, 10, 20 jig/mouse) on the weight and blood 
content of the tissue growing around a porous Teflon chamber 
containing VEGF (3 jig/ml) in 0.8% agar and heparin (20 U/ml) 
after subcutaneous implantation of the chamber for 5 days. 
Treatment with the mAb was sUrted 1 day before implantation 
of the chambers and continued until the chamber was removed. 
Values are means ± SEM (n = 6). and are significantly different 
from those of the corresponding vehicle-treated group as indicated 
(*, P < 0.05) 




Control VEQF bR3F 




Control VEGF bFQF 

Fig. 5 In vivo neutralization of VEGF- but not basic-fibroblast- 
growth-factor(^/^G/0-induced angiogenesis by anti-VEGF mAb. 
Effects of daily i.p. injections of mAb 4301-42-35 (20 ^g/mouse) on 
the weight and blood content of the tissue growing around a 
porous Teflon chamber containing VEGF (3 pg/ml) or bFGF 
(0.3 ng/ml) in 0.8% agar and heparin (20 U/ml) after subcutaneous 
implantation of the chamber for 5 days. Treatment with the mAb 
was started 1 day before implantation of the chambers and 
continued until the chamber was removed. Values are means ± 
SEM (n = 6), and are significantly diff;erent from those of the 
corresponding vehicle-treated group as indicated (*,/*< 0.05) 



Discussion 



Fig. 4, daily intraperitoneal injections of the mAb in- 
hibited the angiogenic response in a dose-dependent 
manner. A complete inhibition was observed with a 
daily dose of 10 |ig mAb/mouse. In contrast, the an- 
giogenic response induced by bFGF was not inhibited 
by the anti-VEGF mAb at daily dose of 20 \ig mAb/ 
mouse i.p. (Fig. 5). 



We used two protein conjugates, made of human 
VEGF121 and VEGF165, to generate a panel of high- 
affinity mAb. One of them (mAb 4301-42-35) showed a 
potent VEGF-neutralizing activity both in vitro and 
in vivo. The growth of HUVE cells stimulated by 5 ng/ 
ml VEGF was effectively blocked by 0.01 ng/ml mAb, 
indicating that equimolar concentrations of mAb-bind- 
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ing sites were sufficient to block VEGF activity. The 
potent neutralizing activity of the mAb seemed to cor- 
relate with its high affinity for VEGF (A;i = 8 pM). 
since two other mAb with lower affinity were also less 
potent in the in vitro inhibition of HUVE cells. Other 
anti-VEGFi65 and anti-VEGF|2i neutralizing mono- 
clonal antibodies have been described previously (Kim 
et al. 1992; Asano et al. 1998). A dissociation constant 
was reported only for mAb A4.6.1 (K^ = 0.8 nM) (Kim 
et al. 1992). Comparison of the neutralization activity of 
the different mAb on the growth of HUVE cells stimu- 
lated by VEGF reveals that the concentration of mAb 
430M2-35 needed to inhibit the growth of HUVE cells 
completely was between six to ten times lower than that 
needed with the other mAb, indicating that mAb 4301- 
42-35 corresponds to the most potent VEGF-neutraliz- 
ing mAb described so far. In an in vivo model of growth- 
factor-induced angiogenesis, a daily injection of 10 |xg 
mAb/mouse i.p. was sufficient to block the deveiopmerit 
of the angiogenic process induced by VEGF completely, 
but not that induced by bFGF. Compared to the in vitro 
experiments, a tenfold molar excess of mAb was neces- 
sary to block VEGF activity completely, which may 
account for the differences in bioavailability of the mAb. 
These results are in accordance with previous observa- 
tions showing that VEGF is a potent angiogenic and 
vascular-permeability-enhancing factor, and represents a 
major positive effector of tumor neovascularization and 
growth (Kim et al. 1993; Saleh et al. 1996; Millauer et al. 
1994). Epitope mapping of mAb 4301-42-35 revealed 
that the mAb was binding primarily to an epitope lo- 
cated on the solvent-accessible loop III of VEGF. Ex- 
perimental evidence suggests that this loop, connecting 
the strands jS5 to P6 of VEGF, is involved in VEGF 
receptor binding. Introduction of a glycosylation group 
at position 84 blocked VEGF binding to KDR (Keyt 
et al. 1996) and charge-reversal or alanine-scanning 
mutagenesis in this region showed that residues 183, K84 
and P85 were critical for KDR binding (Muller et al. 
1998a; Keyt et al. 1996). The crystal structure of the 
VEGF-Flt-lD2-receptor complex confirmed that several 
residues of this loop were indeed buried in the interface 
(Wiesmann et al. 1997). It follows that the binding of 
mAb 4301-42-35 to this loop may explain its neutralizing 
activity. However, it may not result from a direct com- 
petition with receptor binding determinants since resi- 
dues 87-89, critical for mAb binding, were not important 
for KDR binding, as shown by single alanine mutagen- 
esis (Muller et al. 1997a; G. Siemeister and G. Martiny- 
Baron, unpublished observation). It is more likely that 
the tight binding of the mAb to the loop may produce 
steric hindrance or may hinder the concerted motion of 
loop pS to )S6, necessary for receptor binding. Indeed, 
although the epitopes of the other neutralizing anti- 
bodies, mAb 4299-93-1 and mAb 4301-27-2, encom- 
passed residues directly involved in KDR binding, these 
mAb showed weaker neutralizing activity. Another 
property of mAb 4301-42-35 was its exclusive binding to 
the VEGF homodimeric form. The mAb showed no 



binding to reduced and denatured VEGF monomer and 
showed a 50-fold reduction of binding to the VEGF 
monomeric mutant (VEGFig-ui)- These results suggest 
that both VEGF subunits contribute to the mAb binding. 
Since the three-dimensional structure of VEGF reveals 
that the N-terminal a helix of one monomer is associated 
with elements of loop regions of the other monomer 
(Muller et al. 1997a, b), we speculate that residues from 
the loop JS5 to j36 of one monomer and residues from the 
N-terminal domain of the other contribute to the epitope 
of the mAb. Whether this unique combination accounts 
for the strong neutralizing activity of mAb 4301-42-35 
compared to other anti-VEGF mAb remains open. 

In conclusion, the new potent neutralizing mono- 
clonal antibody described in this study represents a po- 
tential anticancer agent useful as an effective block of 
VEGF-mediated tumor neovascularization and tumor 
growth. 

Acknowledgements We thank Prof. D. Marme and Dr. G. Marti- 
ny-Baron (Institute of Molecular Medicine, Tumor Biology Center, 
Freiburg, Germany) for helpful discussion and H. Towbin for 
reading the manuscript. We thank S. Antz and A. Bordmann for 
technical assistance. 



References 

Achen MG, Jeltsch M, Kukk E, Makinen T, Vitali A, Wilks AF, 
Alitalo K, Stacker SA (1998) Vascular endothelial growth fac- 
tor D (VEGF-D) is a ligand for the tyrosine kinases VEGF 
receptor 2 (Flkl) and VEGF receptor 3 (Fit 4). Proc Natl Acad 
Sci USA 95:548-553 

Asano M, Yukita A, Matsumoto T, Kondo S, Suzuki H (1995) 
Inhibition of tumor growth and metastasis by immunoneu- 
tralizing monoclonal antibody to human vascular endothelial 
growth factor/vascular permeability factori2i. Cancer Res 
55:5296-5301 

Asano M. Yukita A, Matsumoto T. Hanatani M, Suzuki H (1998) 
An anti-human VEGF monoclonal antibody, MV833, that 
exhibits potent anti-tumor activity in vivo. Hybridoma 17:185- 
190 

Borgstrom P, Hillan KJ, Srimararao P, Ferrara N (1996) Complete 
inhibition of angiogenesis and growth of microtumors by anti- 
vascular endothelial growth factor neutralizing antibody: novel 
concepts of angiostatic therapy from intravital videomicrosco- 
py. Cancer Res 56:4032-4039 

Cheng S-Y, Su Huang H-J, Nagane M, Ji X-D, Wang D, Shih CC- 
Y, Arap W. Huang CM, Cavenee WK (1996) Suppression of 
glioblastoma angiogenicity and tumorigenicity by inhibition of 
endogenous expression of vascular endothelial growth factor. 
Proc Natl Acad Sci USA 93:8502-8507 

De Vries C. Escobedo JA, Ueno H, Houck K, Ferrara N, Williams 
LT (1992) The fms-like tyrosine kinase, a receptor for vascular 
endothelial growth factor. Science 255:989-991 

Dvorak HF, Brown LF, Detmar M, Dvorak AM (1995) Vascular 
permeability factor/vascular endothelial growth factor, micro- 
vascular hyperpermeability, and angiogenesis. Am J Pathol 
146:1029-1039 

Eppenberger U. Kueng W, Schlaeppi J-M, Roesel JL. Benz C, 
Mueller H, Matter A, Zuber M, Luescher K, Litschgi M, 
Schmitt M, Foekens J A, Eppenberger-Castori S (1998) Markers 
of tumor angiogenesis and proteolysis (VEGF, uPA) indepen- 
dently define high- and low-risk subsets of node-negative breast 
cancer patients. J Clin Oncol 16:3129-3136 

Ferrara N, Davis-Smyth T (1997) The biology of vascular endo- 
thelial growth factor. Endocrine Rev 18:4-25 




342 

Ferrara N, Houck K, Jakeman L, Leung DW (1992) Molecular 
and biological properties of the vascular endothelial growth 
factor family of proteins. Endocrine Rev 13:18-32 

Ferrara N, Carver-Moorc K» Chen Dowd M, Lu L, O'Shea KS, 
Powell-Braxton L. Hillan KJ, Moore MW (1996) Heterozygous 
embryonic lethality induced by targeted inactivation of the 
VEGF gene. Nature 380:439-442 

Fiebich BL, Jager B, SchoUmann C, Weindel K, Wilting J, Kochs 
G, Marme D, Hug H, Weich HA (1993) Synthesis and assembly 
of functionally active human vascular endothelial growth factor 
homodimers in insect cells. Eur J Biochem 21 1:19-26 

Folkman J (1992) The role of angiogenesis in tumor growth. Semin 
Cancer Biol 3:66-71 

Folkman J (1995) Angiogenesis in cancer, vascular, rheumatoid 
and other disease. Nature Med 1:27-31 

Folkman J. Shing Y (1992) Angiogenesis. J Biol Chem 267:10931- 
10934 

ICarlsson R, Fait A (1997) Experimental design for kinetic analysis 
of protein-protein interactions with surface plasmon resonance 
biosensors. J Immunol Methods 200:121-133 

Keyt BA, Nguyen HV. Berleau LT, Duarte CM, Park J, Chen H, 
Ferrara N (1996) Identification of vascular endotheHal growth 
factor determinants for binding KDR and FLT-1 receptors. 
Generation of receptor-selective VEGF variants by site-directed 
mutagenesis. J Biol Chem 271:5638-5646 

Kim KJ, Li B, Houck K, Winer J. Ferrara N (1992) The vascular 
endothelial growth factor proteins: identification of biologically 
relevant regions by neutralizing monoclonal antibodies. 
Growth Factors 7:53-64 

Kim KJ, Li B, Winer J, Armanini M, Gillett N, Phillips HS. 
Ferrara N (1993) Inhibition of vascular endothelial growth 
factor-induced angiogenesis suppresses tumour growth in vivo. 
Nature 362:841-844 

Linderholm B, Tavelin B. Grankvist K, Henriksson R (1998) 
Vascular endothelial growth factor is of high prognostic value 
in node-negative breast carcinoma. J Clin Oncol 16:3121- 
3128 

Maeda K, Chung Y-S, Ogawa Y, Takatsuka S. Kang S-M, Ogawa 
M, Sawada T, Sowa M (1996) Prognostic value of vascular 
endothelial growth factor expression in gastric carcinoma. 
Cancer 77:858-863 

Maglione D, Guerriero V, Viglietto G, Delli-Bovi P, Persico MG 
(1991) Isolation of a human placenta cDNA coding for a pro- 
tein related to the vascular permeability factor. Proc Natl Acad 
Sci USA 88:9267-9271 

Millauer B, Shawver LK, Plate KH, Risau W, Ullrich A (1994) 
Glioblastoma growth inhibited in vivo by a dominant-negative 
Flk-l mutant. Nature 367:576-578 

Muller YA, Li B, Christinger HW, Wells JA, Cunningham BC, 
De Vos AM (1997a) Vascular endothelial growth factor: crystal 




structure and functional mapping of the kinase domain receptor 
binding site. Proc Natl Acad Sci USA 94:7192-7197 

Muller YA, Christinger HW, Keyt BA. De Vos AM (1997b) The 
crystal structure of vascular endothelial growth factor (VEFG) 
to 1.93 A resolution: multiple copy flexibility and receptor 
binding. Structure 5:1325-1338 

Paley PJ, Staskus KA, Gebhard K, Mohanraj D, Twiggs LB, 
Carson LF, Ramakrishnan S (1997) Vascular endothelial 
growth factor expression in early stage ovarian carcinoma. 
Cancer 80:98-106 

Saleh M, Stacker SA, Wilks AF (1996) Inhibition of growth of C6 
glioma cells in vivo by expression of antisense vascular endo- 
thelial growth factor sequence. Cancer Res 56:393-401 

Schlaeppi J-M, Eppenberger U, Martiny-Baron G, Kung W (1996) 
Chemiluminescence immunoassay for vascular endothelial 
growth factor (vascular permeability factor) in tumor-tissue 
homogenates. Clin Chem 42:1777-1784 

Siemeister G, Schimer M, Reusch P, Barleon B, Marme D, Mar- 
tiny-Baron G (1998a) An antagonistic vascular endothelial 
growth factor (VEGF) variant inhibits VEGF-stimulated re- 
ceptor autophosphorylation and proUferation of human endo- 
thelial cells. Proc Natl Acad Sci USA 95:4625-^629 

Siemeister G; Marrne D, Martiny-Baron' G (1998b) Tne alpha- 
helical domain near the amino-terminus is essential for dimer- 
ization of vascular endothelial growth factor. J Biol Chem 
273:11115-11120 

Terman BI, Dougher-Vermazen M, Carrion ME, Dimitrov D, 
Armellino DC, Gospodarowicz D, Bohlen P (1992) Identifica- 
tion of the KDR tyrosine kinase . as a receptor for vascular 
endothelial cell growth factor. Biochem Biophys Res Commun 
187:1579-1586 

Tischer E, Mitchell R, Hartman T, Silva M, Gospodarowicz D, 
Fiddes JC, Abraham JA (1991) The human gene for vascular 
endothelial growth factor. Multiple protein forms are encoded 
through alternative exon splicing. J Biol Chem 266:11947- 
11954 

Toi M, Inada K, Suzuki H, Tominaga T (1995) Tumor angiogen- 
esis in breast cancer: its importance as a prognostic indicator 
and the association with vascular endothelial growth factor 
expression. Breast Cancer Res Treat 36:193-204 

Volm M, Koomagi R, Mattern J (1997) Prognostic value of vas- 
cular endothelial growth factor and its receptor Flt-1 in squa- 
mous cell lung cancer. Int J Cancer 74:64-68 

Weidner N (1993) Tumor angiogenesis: review of current applica- 
tions in tumor prognostication. Semin Diagnost Path 10:302- 
313 

Wiesmann C, Fuh G, Christinger HW, Eigenbrot C, Wells JA, 
De Vos AM (1997) Crystal structure at 1.7 A resolution of 
VEGF in complex with domain 2 of the Flt-1 receptor. Cell 
91:695-704 



